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ABSTRACT OF THE DISCLOSURE 

A. process for epitaxially depositing optically trans 
parent, ferromagnetic, single crystal ?lms of europium 
II chalcogenides selected from the group consisting of 
europium oxide, europium sul?de, and europium selenide 
is described. A suitable single crystal, MgO for example, 
is placed in a container formed from a pure powder of 
one of the chalcogenides and covered. The container is 
then heated in vacuuo in a temperature range of 
600-1850" C. for a time sufficient to form a single crystal 
?lm from chalcongenide material from the walls of the 
container. 

Since it is known that polycrystalline materials because 
of grain boundaries and voids are generally opaque, it 
is necessary that the materials used in optical devices be in 
single crystal form, thus rendering them more transparent. 
In general, divalent europium compounds (for example, 
EuSiO4) because of their high magnetic susceptibility and 
relatively low optical absoption, are useful as Faraday 
rotators in magneto-optical devices such as laser beam 
modulators, light switches, etc. Previously, isotropic 
europium containing compounds (such as EuO, Bus, and 
EuSe) have not been prepared in single crystal form, and 
hence, were of limited use in optical devices due to their 
being optically opaque. This invention describes the 
preparation of single crystal ?lms of EuO, EuS, and EuSe 
which are transparent and ferromagnetic and, conse' 
quently, can be utilized in magneto-optical devices. 

It is well known that when a light is passed through 
a magnetic material in which there are unpaired electrons, 
there will be an interaction and the light will be rotated 
in a manner which is dependent on the number of unpaired 
electron spins of the material (i.e., the Faraday effect). 
This Faraday effect is usually de?ned in terms of Ver= 
det’s constant which is the observed rotation in minutes per 
gauss per centimeter thickness. Thus, the greater the num 
ber of unpaired electrons and their ability to align in a 
magnetic ?eld, the greater will be the speci?c rotation of 
the light that the material can transmit (i.e., the speci?c 
rotation is directly proportional to the magnetic suse 
ceptability of the material). 

Europium II chalcogenides are materials which have 
unpaired electrons and are transparent in the visible and 
the near visible spectrum (i.e., wavelengths greater than 
4500 A.) in their single crystal form and are ferromag» 
netic. 

It is an object of the invention to prepare ferromagnetic 
single crystal ?lms of europium II chalcogenides. 

I It is a further object of the invention to prepare trans: 
parent ferromagnetic single crystal ?lms of europium II 
chalcogenides. 

Another object of the invention is to epitaxially deg 
posit optically transparent ferromagnetic single crystal 
?lms of EuO, Bus, and EuSe. 

Still another object of the invention is the preparation 
of transparent ferromagnetic single crystal ?lm of euro= 
pium oxide. 
A still further object. of the invention is the preparation 
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of a transparent ferromagnetic single crystal ?lm of euro= 
piurn sul?de. ‘ 

Further, another object of the invention is the preparai 
tion of a transparent ferromagnetic single crystal ?lm of 
europium selenide. ' 

.A. still further object ‘of the invention is a magneto~ 
optical device utilizing aicrystal of transparent ferromag 
netic single crystal ?lms; of a europium II chalcogenide. 

Another object of the: invention is a magneto-optical 
device utilizing a crystal of transparent ferromagnetic 
single crystal ?lms of a europium II chalcogenide selected 
from the group consisting of europium oxide, europium 
sul?de and europium selenide. 
The foregoing and other objects, features, and advan‘ 

tages of the invention will be apparent from the following 
more particular description of a preferred embodiment of 
the invention as illustrated in the accompanying drawings: 

FIG. 1 is a cross-section of the crucible assembly used 
in a continuous pumping vacuum system at temperatures 
above l200° (3.; > 

FIG. 2 is a schematic drawing of a sealed evacuated 
tube containing a crucible assembly which is used at 
temperatures between 600°—1200° C.; and 

FIG. 3 is a diagrammatic drawing showing a magneto= 
optical device utilizing a, transparent ferromagnetic single 
crystal ?lm of a europium II chalcogenide. 
The transparent single crystal ?lms of EuO, EuS, and 

EuSe are prepared by taking the pure powder of one of 
the heretofore referred to materials and forming it into a 
container (or crucible) and a tight ?tting lid. The interior 
volume of the container (or crucible) must be of suf= 
?ciently adequate size sd that it will contain a single 
crystal seen which provides the substrate on- which crys‘ 
tals will grow epitaxially. Since [the europium compounds 
have a rock salt structure, the crystal seen substrate should 
also have this structure and preferably should also have 
a lattice constant similar to the. material to be deposited 
on it. Examples of crystal seeds which can be used as 
substrates are MgO, CaO,‘ SrO, and BaO, etc. 
The crystal seen is then placed in the container (or 

crucible) and the lid placed on it. The lid is held tightly 
in place by means of a weight. The container (or crucible) 
is then placed in a refractory metal susceptor to form the 
crucible assemblage. The susceptor is made of tantalum, 
platinum, irridium, rhodium or any other noble metals. 
The crucible assemblage containing the seed is then heated 
to the desired temperature (600-1850" C.) in a vacuum 
greater than 10-5 millimeters of mercury. The heating 
is accomplished either by sealing the crucible assembly in 
an evacuated silica tube and placing this tube in a resist 
ance furnace or by placing the crucible assemblage in a 
vacuum system and heating it by radio frequency methods. 
In the former case, the temperature is limited to a temper= 
ature 1200° C. and in the latter, since the furnace walls 
are cold, temperatures above 1200" C. can be used. 
The crucible assemblage containing the seed crystal is 

then heated for the time required to grow a crystal ?lm of 
the ‘desired thickness on the seed (for example, heating 
times can be 12 hours to 300 hours). The single crystal 
?lm growth takes place on the crystal seed acting as a 
substrate by a deposition of atoms or molecules from the 
inner walls of the container. At temperatures above about 
600°‘ C., there is enough thermal energy available to cause 
the atoms or molecules, which condense on the surface 
of the crystal seed, to orient in a manner similar to the 
orientation of the atoms on the surface of the seed crystal; 
thus, the deposition is an epitaxial process. In other words, 
if the seed crystal (or substrate) has a 100 orientation, 
then the growth of the crystals will also be in this direc 
tion. Ordinarily, the seed crystal is maintained at a teme 
perature lower than the temperature of the container walls. 
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However, it is not necessary to have the seed crystal at 
a lower temperature than the container walls because 
growth takes place due to the fact that the surface energy 
of the seed crystal is lower than that of the container 
walls. Film thicknesses of the deposited single crystal ?lm 
vary from 400 A. to a thickness of several microns. 
The temperature ranges used in the process of the in 

vention for growing single crystal ?lms of europium oxide 
are 600-l600° C. and for the sul?de and selenide the tem 
perature range is from 1350-1850“ C. All the single 
crystal ?lms of EuO, EuS, and EtiSe exhibit high Verdet 
constants, of the order of magnitude of Eu2SiO4, even at 
room temperature because of their high magnetic suscepti 
bility and high degree of transparency. As a result of this 
high Verdet constant, these europium chalcogenides in 
single crystal ?lms can be used in magneto-optical devices 
such as laser beam modulators, light switches, and etc. In 
fact, the single crystal ?lms of EuO, EuS, and EuSe be 
cause they are cubic and thus show more distinct positions 
for transmission and cancellation of polarized light have 
a‘distinct advantage over Eu2SiO4 in magneto-optical de 
vices. 

Table I gives the magnetic properties of single crystal 
?lms of EuO, EuS, and EuSe. The Curie temperature data 
is shown in the left-hand column and magnetic moment 
measure in Bohr magnetons appear in the right-hand 
column. All measurements were made using standard 
techniques 

Material (Single 
Crystal Films) 

Magnetic Moment 
Bohr Magnetons 

Curie Temperature 
Degrees Kelvin 

EuO _ . . . . . . _ . . . r . 70 6.90 

EuS.. 18 6.85 
EuSe . _ r . . . . . . . _ r . . r . .. 7 6.80 

All the single crystal ?lms of EuO, EuS, and EuSe pre 
pared according to the process of the invention exhibit 
magneto~optical and optical properties. 
The following speci?c examples represent embodiments 

of the process of the invention and, more particularly, dis 
close the preparation of single crystal ?lms of europium 
II chalcogenides. 3 

Example I.—-S_ingle crystal ?lms of EuO 

Europium oxide (EuO) is reduced to a ?ne powder by 
grinding in a dry box to prevent oxidation. The powder 
is placed in a die and pressed into a slug V2" long by 342'’ 
diameter with a pressure of 10,000 p.s,i. A 3/16" diameter 
hole is drilled in the slug to a depth of 3A3" to form a 
crucible 2 which weighs about 3.5 grams. (Example I 
refers to FIG. 2.) ' 
An EuO lid 5 is made for the EuO crucible by press- ’ 

ing EuO powder in a die at 10,000 psi. to form a disc 
that is 3/8" diameter by Vs" thick with a weight of about 
1 gram. The mating surfaces of the EuO crucible and lid 
are ground ?at to affect a tight seal. 

A. single crystal MgO substrate 1 1/16'” by 1/g” by 5/16" is 
prepared for use by polishing to a l-micron ?nish and then 
treating with a suitable etchant such as a phosphoric acid 
solution (1 part H3Po4 to 4 parts of water). The MgO 
crystal 1 is immersed in the boiling solution and shaken 
vigorously for one minute, removed and rinsed thoroughly 
with water, and dried with acetone. 
The EuO crucible 2 is placed in a platinum susceptor 

(it 3A" long by W32 ID. by 0.005" wall. The MgO sub 
strate I is placed in the EuO crucible 2. The EuO lid 5 
is placed on the EuO crucible 2. A platinum disc 12 3/s" 
diameter by 0.005" thick is placed on the EuO lid 5. The 
entire crucible assemblage 0, FIG. 2, is placed in a silica 
tube l0 12 mm. ID. by 1 mm. wall by 20” long, and 
closed at one end A weighting rod (stainless steel) 11 
0/1"" diameter by l0" long is placer] in the silica tube ll 
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with one end in contact with the platinum disc t2 In order 
to weigh down the EuO lid 5 to produce a sintering action 
between the lid 5 and the crucible 2. 
The outgassed silica tube It) is evacuated to a pressure 

lower than 10’5 mm. of Hg and sealed to ‘provide a 
capsule about 12" long, FIG. 2. 

Heating is accomplished by lowering the silica tube into 
a furnace at the rate of 1/2” every 5 minutes until the 
crucible is in the hot zone of the furnace. An operating 
temperature of l0OO° C. was maintained for a period of 
282 hours. At the end of the heating period, the silica tube 
is removed at the rate of V2" every 5 minutes. The MgO 
seed is then removed in a dry box. The seed crystal is now 
coated, on all surfaces, with a blue-red single crystal ?lm 
of EuO 8. 

Example Il.-—Single crystal ?lms of EuO 

Europium oxide (EuO) is comminuted to a ?ne powder 
in a dry box to prevent oxidation. The powder is placed 
in a %" interior diameter die and pressed into a slug V2" 
long by 3/s” in diameter with a pressure of 10,000 ‘p.s.i. 
A W16” diameter hole is drilled in the slug to a depth of 
3/s” to form a crucible 2 weighing about 3.5 grams. (Ex- 
ample II refers to FIG. 1.) A lid for the crucible is made 
by pressing europium oxide powder in a die at a pressure 
of 10,000 p.s.i. to form a disc with %" diameter by 3/e” 
thick and weighing about 1 gram. The mating surfaces of 
the europium oxide lid 5 and crucible 2 are ground ?at to 
provide a tight seal. 
The single crystal MgO substrate 1 is M6" by l/g" by 

V16" is prepared for use by polishing to a l-micron ?nish 
and then treating with a suitable etchant. The etchant 
used was a phosphoric acid solution (1 part H3P4 to four 
parts of water). The MgO substrate 1 is immersed in the 
boiling phosphoric acid solution for one minute with con 
tinuous vigorous agitation. It is then removed and rinsed 
thoroughly with water and dried with acetone. 
The europium oxide crucible 2 is placed in a tantalum 

susceptor 4 that is 7A6" outer diameter by 11/2" long with 
0.020" walls. The MgO crystal substrate 1 is placed in 
the europium oxide crucible 2. The europium oxide lid 
5 is placed on the europium oxide'crucible 2. A plug of 
tantalum 3 that is 5%" DC. by 3/4" long is placed on the 
EuO lid 5 to provide good contact between the lid 5 and 
crucible 2. This will increase the sintering action between 
the lid 5 and the europium oxide crucible 2 similar to the 
crucible assemblage shown in FIG. 2. 
The crucible assemblage 9 is then placed in a silica 

glass furnace tube 6 which is connected to a vacuum sys 
tem and is evacuated to a pressure less than Ill-5 mm. of 
mercury. Heating is accomplished by means of a radio 
frequency coil 7 with tantalum acting as a susceptor 4. 
The temperature is raised to the operatng temperature 
in a period from 30 to 60 minutes. The operating tem' 
perature is maintained in the range of from I560" C. for 
a. period of 30 hours. Cooling is accomplished over a 
period of two hours upon completion of the heat treat 
rnenl. The resulting single crystal ?lm 8 is similar to thaI 
described in Example I. 

Example TIL-Single crystal ?lms ol‘ EuS 
The procedure of Example I is repeated except that 

europium sul?de is used in place of the europium oxide of 
Example I. The C210 substrate is used in place of the M g0 
substrate of Example I. The operating temperature is 
maintained at 1750” C for a period of 60 hours. The re 
sulting EuS single crystal ?lm is yellow-red and is de 
posited on all surfaces of the C210 substrate. 

Example lV.~-Single crystal ?lms ot liuSu 

The procedure of Example II is followed except that 
europium selenide is used in place of europium oxide of 
Example 11. A SrO substrate is used in place of the MgO 
substrate of Example II. The operating temperature is 
maintained at 1680“ C. for a period of 90 hours ‘The re‘ 
sulting EuSe single crystal ?lm is a yellow-ted 
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The sizes of the crucible and substrates described above 
were for purposes of convenience only and are not con” 
sidered to be any limitation as to the sizes that may be 
used in the process of the invention to‘ produce single 
crystal ?lms of desired dimensions. The single crystal sub 
strates containing the single crystal ?lm on all surfaces are 
treated in such a manner that only one surface is main‘ 
tained for transmission of light in the magneto'optical 
device. This is accomplished either by grinding or polish.» 
ing the other ?ve coated surfaces of the seed crystal, thus 
removing the single crystal ?lm of the europium II 
chalcogenide from these surfaces. This can also be ac 
complished by cleaving off the coated surface. 

' In the magneto-optical device shown diagrammatically 
in the drawing, a single crystal. ?lm of an europium II I 
chalcogenide 8 on a substrate 1 is mounted between spaced 
cross polarizing ?lters (i.e., polarizer 13 and analyzer 14). 
The crystal is placed in a magnetic ?eld (eg, that pro— 
duced by an electromagnet 15 or by Helmholtz coils). A 
light source 16 and a photosensitive cell 17 are so disposed 
vthat the light to which the photosensitive‘ cell is exposed 
is that which originates at the light source and passes suc‘ 
cessively through polarizer 13, single crystal ?lm -8, sub 
strate 1, and analyzer 14. Since the degree of rotation of 
the plane of polarized light passing through the single 
crystal ?lm of europium II chalcogenide is dependent upon 
the magnetic ?eld, the amount of orientation of light 
originating in the light source and passing through the 
polarizer and analyzer and the single crystal ?lm to the 
photosensitive cell can be varied by varying the strength 
of the magnetic ?eld of the magnet. In the ferromagnetic 
region, at magnetic saturation, the rotation is independent 
of the applied magnetic ?eld and the maximum rotation 
can be obtained. 
When europium II chalcogenide single crystal ?lms of 

su?icient thickness are grown, the use of the supporting 
substrate is unnecessary. The substrate can be removed 
by either cleaving or grinding it away. 
The devices of the present invention have been de» 

scribed as made up essentially by single crystal ?lms of 
either EuO, Bus, or EuSe which is placed in a magnetic 
?eld and associated optical instrumentation utilizing the 
Faraday effect. These devices may be manufactured ac: 
cording to the techniques known in the art for the manu—v 
'facture of analogous devices embodying other single crys 
tal devices. The best results are obtained when the speci?c 
rotation of the light passing through the crystal varies 
linearly with the applied magnetic ?eld. 

' However, the maximum rotation obtainable for these 
materials can be obtained when operated in the ferro— 
magnetic state, i.e., below their Curie temperature. 

While the invention has been particularly shown and 
described with reference to a preferred embodiment there 
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of, it will be understood by those skilled in the art that 
various changes in form and details may be made therein 
without departing from the spirit and scope of the in.“ 
vention, 
What is cla‘uned is: 
1. A process for preparing a transparent ferromagnetic 

single crystal ?lm of a europium II. chalcogenide selected 
from the group consisting of europium oxide, europium 
sul?de and europium. selenide which comprises the 
steps of: ‘ 

(a) providing a substrate in the form of a seed crystal; 
(b) positioning said substrate in a sealed container 
which acts as source material for europium II chaln 
cogen-ide; 

(c) heating said container in an evacuated chamber to 
a temperature suf?cient to thereby deposit epitaxially 
a crystal ?lm of europium II chalcogenide on said 
substrate. 

2. A process for preparing a transparent ferromagnetic 
single crystal ?lm of a europium II chalcogenide selected 
from the group consisting of europium oxide, europium 
sul?de and europium selenide which comprises the 
steps of: i 

(a) providing a substrate in the form of a seed crystal; 
-(b) positioning said substrate in a sealed europium II 

chalcogenide container which acts as source material 
for europium II chalcogenide, the walls of said con 
tainer having a surface energy differing from the 
surface energy of said substrate; ‘ 

(c) heating said container in an evacuated chamber to 
a temperature between 600—1800° C. whereby the 
europium II chalcogenide from said container walls 
is transported and deposited epitaxially on said 
substrate. 

3. The process of claim 2 wherein the surface energy 
of the substrate is lower than the surface energy of the 
walls of the europium II chalcogenide container. 

4, The process of claim 2 wherein the europium II 
chalcogenide is EuO. 

5. The process of claim 2 wherein the europium II 
chalcogenide is EuS° 

6. The process of claim 2 wherein the europium, II. 
chalcogenide is EuSe. 
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